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STRENGTE TESTS OF THIN-WALLED DURALUMIN
CYILINDERS OF ELLIPTIC SECTION

By Bugene E, Lundqulst and Walter F. Burke
SUMMARY

This report is the fifth of a series presenting the
results of strength tests of thin-walled cylinderg and
truncated cones of circular and elliptic section; it In-
cludes the results obtalned from torsion tests on 30 cyl~
inders, pure bending tests on 30 cylinders, and combined
transgverse shear and bending tests on 60 cylinders., All
the cylinders tested were of elliptic section with the
ends clamped to rigid bulkheads. In the pure bending and

combined transverse shear and bending tests the loads were

applied in the plane of the major axis.

The results of the tests on elliptic cylinders are
correlated with the results of corresponding tests on cir-
cular cylindere and are presented in charts suitable for
use i1n design. -

IX¥TRODUCTION

As part of an investigation of the strength of
stressed~skin, or momocogue, structures for aircraft, the
National Advisory Committee for Aeronautics in céope¥aE= -
tlon with the Army Air Corps; the Bureau of Aeronautics,
Navy Department; the National Bureau of Standards; and the
Bureau of Air Commerce has made an extensive series of
tests -on thin~walled duralumin cylinders and truncated
cones of circular and elliptic section. In these tests,
the absolute and relative dimensions of the specimens were
varied to study the types of failure and to estabdlish use~
ful quantitative data in the following loading conditions:
torsion, compression, bending, and combined loading.,

The first four reports of this series (references 1
to 4, inclusive) present the results obtained in the tests

of thin~walled cylinders of circular section. This repo¥t
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presents the regults obtained in testg of thin-walled cyl-
inders of elliptic section. In the tests of the elliptic
cylinders the loading conditions were torsion, pure bending,
and ‘combined transverse shear-and bending. In the latter
two loading conditiong the loads were applied in the plane
of the major axis.

MATERIAL

The duralumin (Al. Co. of Am. 17ST) used in these
tests was obtained from the manufacturer in sheet form
with nominal thicknessesg of 0,011, 0,016, and 0,022 inch.
The properties of thig material as determined by the
National Bureau . of Standards from specimens selected at
random are given in references 1 and 2. As all the test
cylinders failed by elastic buckling of the walls at
stresses considerably below the yield-point stress, the
nodulus of elagticity X, which was substantially constant
for all sheet thicknesseg, is the only important property
of the material that need be considered. For all ec¢ylin-
ders an average value of E (10.4 X 10% pounds per square
inch) was used in the analysis of the results.

SPECIMENS

The tbst specimens were right elliptic cylinders with
a semimgjor axis of 7.5 inches and semininor axes of 6.0
and 4.5 inches. The lengths varied from 3.75 to 22.5
inchegs The cylinders were constructed in the following
manner: Firgt, a duralumin shest was cut to the dimensionsg
of the developed surface. The sheet was then wrapped about
and clamped to end bulkheads. (See figs. 1, 2, and 3.)
With the c¢ylinder thus assembled, a butt strap 1 inch wide
and of the same thickness as the sheet was f 3tted, drilled,
and bolted in place to close the seam, which wae always lo~
cated at one end of the minor axis. In the assemdbly of ths
speclmen, an effort was made to avold having elther s
loosgeness of the skin (soft spots) or wrinkles in the walls
when finally constructed. 4Actually this objective could
not be attained at the ends of the minor axis where there
was always a slight looseness of the skin which was.more
pronounced in the thinner sheets than in the thicker ones.

The ‘end bulkheads, to which the loads were applied,
were each constructed of two steel plates one-~quarter il1nch
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thick separated by a plywood core -3~1/2 inches thick.
These parts were bolted together and machined to the spec-
ified outside dimensiong. Steel bands approximately one-
quarter inch thick were used %o clamp the duralumin sheet
to the bulkheads. These bands were machined to the same
dimensions as the bulkheads.

APPARATUS AND METHOD

The thickness of each sheset was measured to an egti-
mated precision of £0.,0003 inch at a large number of sta-
tlons Dy means of a dial gage mounted in a speclal jig.

In general, the variation in thickness throughout a given
sheet was not more than 2 percent of the average thickness.
The average thicknesses of the shests were used in all
calculations of stress and radius-thickness ratio.

The loads were applied to the elliptic cylinders with
the same apparatus used in the corresponding tests on cire
cular cylinders. Descriptions and photographs of the ap=-
paratus used in the torsion, pure bending, and combined
transverse shear and bending tests are given in references
1, 3, and 4. ' e -

DISCUSSION OF RESULTS

The results of the teste on the elliptic cylinders
are presented in tables I, II, and III as well as in cer~
taein figures discussed later. oo

w3

ne~ The torque loads were applied in increments

orsi
of about 1 percen} of the estimated load at failure. Af-
ter a fow tests, however, the first increment of load was
increased to about half the estimated load at first wrin-
kle. A% first wrinkling one or more diagonal wrinkles be~
gan to form at the énds of the minor axis. With an in-
crease in load these wrinkles grew steadily in size and
number, spreading toward the ends of the major axis until
failure occurred by a sudden increase in deformation and
the formation of wrinkles in the completie circumference.
(See_fig. lc)

Priotr to wrinkling it seems reasonable to assume that
the conditions of stress within the walls of the cylinder
are in accord with the membrane analogy (reference 5).
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After wrinkling has occurred, however, the conditlons of
stress aro doubtful and probadly very with the degres of
buckling.

‘By the membrane analogy

S = sy ' | (1)
where
3, shearing stress in the skin.
7, torgue applied.
A=1mmad, area of the ellipse.
¥y thilckness of the sheetl,

The shearing stress as given by equation (1) was cal-
culated for each test eylinder at the conditlons of first
wrinkle and ultimate load, These stresses are used in
pPlotting the experimental points in flgure 4, which is the
same type of chart used by Donnell in reference 6 for pre-
senting the results of torsion tests on thin~walled cylin-
ders of circular section. It will be noted that the ex~
porimental points for ultimate load plot between the theo~
retical curves and those recommended for desgign. A4s the
data from torsion tests of circular cylinders algo plot
between these same curves (reference 6, fig. 1), it may be
concluded that the shearing stress at ultimate load for ean
elliptic cylinder ig the same as that for the circumscribded
circular cylinder of the same sheet thickness and length.
Actually trhe membrane analogy doves not give a true prcture
of %he stresg condition at uwltimate load but gives a shear=
ing stress which lies between that at the ends of ths semil-
major and semiminor axes. It must therefore be regarded
as an average shearing stress for the elllptie cylinder
gnd analogous to thoe modulus of rupture in beans.

Ag the ¢urvature of the sheet varies from a minimum
at the ends of the minor axis to a maxinum at the ends of
the major axls, it is natural to expect that wrinkl:in
prlior %o failure will occur in an elliptic eylinder sud-—
Jected to torsion., In a perfectly comnstructed cylimder
it is not likely that first wrinkling would occur until
the shearing stress reaches or exceeds Sos the ghearing
stress at failure for a circular cylinder of the game
sheet thickness and length but with a radius equal to the
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radius of curvature at the ends of the minor axis. The
effect of imperfections, which are always present, is %o
cause a premature wrinkling. Consequently, the shearing
stress at firet wrlinkle §; was divided by S, and the
ratlio plotted as a percentage in figure 5. With the ex—-
ception of omne point, all of the results plot below 100
percent. This figure is analogous to figure 10 of refer-
ez2ce 1.

When calculating -the value of S, for the points in
figure 5, the equation given in reference 1 was used be-
cause 1t is more representative of the technic used in
this series of tests. For general design, the equatlions
given in reference 6 are recommendsed. :

Pure_ bending.- In the pure bending tests the loads _
wore applied in the plane of the major axis of the ellipes.
As in the torsion tests, the loads were applied in incre-
ments of about 1 percent of the estimated load at failure.

In the case of the 0.8 ellipse <£'=-0.8>, wrinkling did

not usually occur priof to failure. Fallure is defined as
the complete collapse of the compression side of the cyl-
inders with the formation of diamond-shaped wrinkles. (Ses

fig. 2.) In the case of the 0.6 ellipse (ﬁ = O.6>, pre-

liminary wrinkles usually formed prior to failure. These
wrinkles always appeared at about two thirds of the dis-
tance from the neutral axis %o the extreme fiber.

The reason for preliminary wrinkles forming prior fo
failure in the 0.6 ellipse and not in the 0,8 ellipse is
shown qualitatively in figure 6. The critical compressive
stress for any element is approximately proportional to
the curvature, and hence to the abscissa, of the solid
curves in figure 6. In a cylinder subjected to pure bend-
-ing the actual stress varies linearly from the neutral
axis to the extreme fiber. When the loading has reached
such a point that the actual stress is approximately that
shown by the dotted lines, first wrinkling is likely to
oceur at the point where the solid and dotted curves touch,
For the 0.6 ellipse, the elements at the extreme fiber are
capable of resisting a much higher stress than indicated
by the dotted line with the result that failure is delayed
until a much higher load is reached. For the 0,8 ellipse
failure tends to occur at or soon after first wrinkling
because the elements on thes extreme fiber and for a con-
siderable distance toward the nsutral axis are not capadle
of resisting any large increase in stresse.
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In the presentation of the results of the pure bend-
ing tests, it has been assumed that the ordinarf theory
of bending applies and that the stress on the extremso com—
pression fiber at failure is ziven by the eguation

Me H

S B2 e 5 e . 2

T ky 8 b (2)

where ¥ 1s tae bending moment applled in the plans of
the major axls of the ellipse

a, the semlmajor axig of the elllpse

and Iy, a nondimensional coefficlent that varies with
the eccentricity of the ellipse. (See fig. 7.)

The sgstrege on the extreme fiber at failure asygiliven
by equation (2) is comparable with the corresponding stress
calculated for the purc bending tests on circular cylin-
ders (reference 3) and, for comparison, is plotted in a
like manner in figure 8. Inspsction of thisg figure shows
that the sitress on the extreme fiber at faillure increases
with decrease in the ratio b/a. The increased strength
for tie more eccentric ellipse is obviously caused by the
greater stability of the more sharply curved portion at
the end of the major axis where the fibers are more hlghly
gstreggsed, It will be noted in figure 8 that the results
of the tests of elliptic cylinders scatter almost as wildely
as do the regults of the tests of circular eylinders. The
deslguer in ueing these data may therefore choosge strength
values more or lese conserveatively, as desired.

Combined transverse shear and bending.~ The loads in
the transverse shear and bexnding tests were appllced in the
plane of the major axis of the ellipse in increments of
about 1 percent of the estimated load at fallure. Wnen
the posltion of the transverse load was such that the ratio
of morent to shear was small, failure occurred by shear,
Prior to faillure, diasgonal sghoar wrinkles formed orn the
gldes of the eylinder. ¥ith an increase in load, these
wrinkles grew steadily in size until failure occurred dy a
collapse of the outermost compression olements, When the
positlon of the transversgse load wag such that the ratlo of
moment to shear was large, failure ‘oceurred by bonding in
the same manner as in the pure bending tests. Thon the
ratio of moment to shear had an intermediate valuo, fail~
ure occurred by a combination of shear and bending. (See
photographs of cylinders aftor failure, fig. 3. )
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The variation of the bending stress at fallure with
the ratio of moment o shear is studied for each of the
following groups of cylinders;tested.

orouy | b | le . Homizes shook

. : Inch
1 0.8 0450 630 ~ 682 0,011
2 6 .50 625 - 688 .11
3 .8 1400 658 - 707 011
4 .6 1.00 " 658 -~ 721 011
5 .6 2.00 630 - 682 .011
6 .8 2,00 630 ~ 682 011

For sach group, the results of the tests are present—
ed in a manrer similar to that used £6r the corresponding

tests on circular cylinders (reference 4), In figure 9
£

the nondimensional paramster ;%V represents the loading
M

and stress conditions and ig therefore analogous to T

in reference 4, The value of r! was so chosen that for
the elliptic cylinder - N

where fy and £y are the bending stress on the extreme

fiber and the shearing stress at the neutral axis respec~
tively as given by the following equatlons derived by the
ordinary theory of bending -

M
£ = g _— 4
b ky e % ) (4)

: v .. .
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In equation (5) V is the transverse shear in the plane
of the major axis of the ellipse and k, a nondimensional

coefficient that varies with the ecceantricity of the ol-
liPSOD (S'GS fig, 7.)

In figure 9 lines &a and b represent the upper
and lower limits of the strength 1n pure bending, Thesge
limiting values show the dispersion of the results of the
pure bendlng tests and were obtained for elliptlec cylin=-

ders of the average % ratio in each group by interpola-

tion of the results plotted in figure 8. 4t large wvalues
of- ;%5 the bending~stregs diagrams approach lines &

and b as an upper limit but with a tendency to plot just
below them in some casess (See fig. 9a, in particular.)
The tendency for the bending~stress diagramg to plot below
lines a and D geems to ps moro pronounced for the 0.8
than for the 0.6 ellipse although the test data arc not
pufficiently extensive to draw & definite concluslon. For
the 0«8 ellipse in pure bending the elements on the ex-
treme fiber and for a considerabdle distance toward the
neutral axls tend to reach a conditlon of incipient faile
ure at about the game time; whereas the 0.6 ellipse scens
to have the. capacity of supporting an increased load after
first wrinklings (See fig., 6.,) It is therefore probable
that the reduced bending strength in combined tranaverse
shear and bending is caused by the presence of shear which
mnight conceivaebly affect the gtrength of the 0.8 ellipse
more than the strength of the 0.6 ellipse. In any case,
it appears that the lower linmit of the strength in pure
bending is a good wvalue to use for the bending strength of
tain~walled elliptic cylinders in combined transvorse

snear and bending at large values of ;%V .

At small values of §¥V failure occurred by shear.

For comparison of the strength in transvergs shear with
the strongth In torsion, lines ¢ and & have been drawn
in figure 9 representing the probadle upper and lower lim-
its for shear failure., These lincs were drawn by plotting
the equation

f'P__ . S5 H (6)

= s ——

E B orly

Equation (6) is obtained from egquation (3) by trang-
posing terms, dividing d»y E, and substituting S for
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fy» where S 1s the average shearing stress at failure

for an elliptic eylinder in torsion. The lines ¢ and 4
for shear failure in figure 9 are shown for the two values
of S obtained from Ffigure 4 for the largest and smallest
sheet thickness for sach group of cylinders. When reading
values from figure 4 a straight 1line was imagined %o De
drawn through the experimental points for the elliptic
cylinders of 0.01ll~inch nominal sheset thickness.,

Inspection of figure 9 shows that the bendingustress
disgrams at the very low values of ;¥7 y corresponding
to shear fallure, plot above lines ¢ and 4. As in the
case of cirecular cylinders (reference 4), this fact indi-
cates that the transverse shearing stress on the neutral
axig at failure is higher than the shearing stress at fail-
ure in torsion, Comnsequently, in a like manner the ratilo

£
of the two stresses gI is plotted against oY in figure
10 for each of the tests. It will be noted that as I

s rv
approaches O the ratio %1 approachesg a valuse between

, 1.2 and 1.48. Thus, if S, 1is the shearing stress on the

neutral axis at failure in pure transverse shear and S
is the shearing stress at failure for a coylinder of the
dame dimensions in torsion, Sy and S may be related by

the following approximate equation

Sy = 1425 S. (7

The coefficient 1l.25 is somewhat conservative but 1its use
is recommended so that the same relatlonship will hold
for both elliptic and cireular cylinders. (See reference
4, equation (5).)

At intermediate values of near the intersection

-
1V’
of lines a2 and P with linegs ¢ and d in figure 9, there
is a trangition from shear to bending failure. As the
point of transition is approached, there seems to be devel~
oped an increased strength similar to that shown by elastie
theory when the number of waves in the buckled pattern
changes from =n to (n+l). The increased strength at the
13

r!y
and is not always developed in the tests. TFor practi-

cal considerationg, it therefore seems that the transition

transition seems to be confined to a smell range of
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from shear 50 bending fallure can be given by the deglign
chart for circular cylinders presented in reference 4 if

M is replaced by ¥V With tihis change, tho design

*V
chart for elliptic cylinders la given Im figure 1lles The
solid curves in figure ¢ wore obtailned from this chart us-

s
ing in one case the value of gh corresponding to lines
v

a and ¢ and inr the other cage the value corresponding
to lines b and 4., An inspectlon of the figures for the
different groupq indicates that, except for the ilncreased
strength previously discussed, these two curves represent
gulte well the limits of the experimental data 1n tho
transition from shear to bending failure.

In order %o use the curves of figure 11 in design, 1t
1s necossgary to Inow the loading condition ;%f and to be

able to predict the values of Sy and S¢ for the ollip-

tie cylinder. If these three gquantitive are known, the
maoximum allowable moment and/or stress on the extreme fi-
ber can be read from the chart as a percentage of that for
pure bending. Tho strength in shear then need not be ine-
vestligated because 1ts effect has been taken into account
by a reduced bending strength.

When checking the strength of any section between ade
Jacent bulkheads, the largest wvalue of ;¥? in that sec—
tion should be wused to entor the chart of figure 11, This

procedure tends toward conservatism and is certainly Jueti~
fled by the wide scattering of the test data.

CONCLUSIONS

1, In torsion, the shearing sitress at failure for
thin-~walled elliptic cylinders was found to be equal to
the shearing stress at failure for circumscribed circular
cylinders of the same sheet thickness and length. Becauss,
buckling of the walls occurred at the onds of the minor
axis prior to failure, the shearing stresse calculated for
the eolliptic cylinder must be regarded as analogous to the
nodulus of rupture and so used in strength calculations.

2« For pure bending in the plane of the major axis,
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the calculated stress on the extreme fiber mt failure was
greater than the corresponding stress for circumseribed
circular cylinders of the same sheet thickness and Yength.
As in the case of circular cylinders, it was found that
slight imperfections caused the test results to scatter
widely. In view of this scattering, the beanding strength
must be considered somewhat indefinite and should therefore
be estimated after comsideration of all the experimental
data for both elliptic and circular cylinders. Design

values may then be chosen more or less conservatively as
desired,

5« Tor combined transverse shear and bending in the
plane of the major axis, the strength was dependent upon

the loading condition as described by the term §¥V . A%
;¥F’ failure occurred in shear and, as
approached zero (a condition of pure transverse shear),

small values of

v
the shearing strese on the neutral axis at failure as cale
culated by the ordinary beam theory was approximately 1.25
times the shearing stress at fallure in torsion.

At large wvalues of ;%F, failure occurred in bend-~
ing and the strength developed was approximately equal to
the lowest strengths developed for cylinders of the same
dimension in pure bending.

At intermediate values of there was a transi-~

g
v’
tion from shear %o bending failure. For use in calculat~
ing the strength of elliptic cylinders in combined trans-
verse shear and bending it was found that a chart previous-
1y derived for circular cylinders may be used. o

Langley Memorial Aeronautical Laboratory,
N¥atlonal Advigory Committes for Asronautics,
Langley Field, Va., April 2, 1935.
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RESULTS OF PURE BIWDING TRSTS OF TILIPTIC CYLINDERS SHOYING CORRTCTIONS
MADE FOR TEZ EFFECT OF A SYALL TEWSION P ON THE SPECLIEN
2= 0.8 )
i | | Stress 1 i l
Spec! % i%{ 1 | P X {fmii_ fp | Sp | ;9 R emarks
No. l i i i :3.7 i
i | ! Isitn P ;
om0 in. | i
290 0.01101682§ 3.75i93.0[11335 ; 198 | 6820| 6622]0.000637| Failure
201 .0113!664] 7.50/83.5{13305 | 173 | 7790| 7P617] .CCO732| Failure
293| .0113!664{11.25{83.5/10945 | 173 | 6410 6237| .000800!First wrinkle
i ; 11185 | 6550 6377| .000613| Failure
295! .0110{682{15.00{76.0| 6935; 162 | 4172| 4010| .000386|First wrinkle
10635 | 6400| 6238| .000600| Failure
297| .0110!682(22.50{ 74,0 8535 158 5135 4977| .CO0479!First wrinikle
! 11055 ! 6650| 6492| .000624] Failure
307: .0L66|452| 3.75/80,0{28855! 113 |11510[11397{ .001096! Failure
. 305! .0161[466, 7.50{80.0|22355 | 116 9185| 9069| .000872! Failure
305! ,0164|457{11.25i80,0! 27176 | 114 | 9360{ 9246| .000889|Pirst wrinkle
27055 10930{ 10816 | .0C1040{ Failure
301| .C167]449]15.00174.0{27655 | 104 |10970{10866! .001045|First wrinkle
28915 11470[11266| .001093| Failure
299| .0168|446!22,50|74.0{24175 ] 103 9530, 9427! .000907! Failure
3391 ,0245/308] 3.75]95,0| 59435 91 |16065|15974| .001536| Failure
341 | .0252{297] 7.50;95.0|62195 88 |16335|16247! ,001562| Failure
343 | .0235/319111.25] 82.0]| 56355 82 |15880{15798| .001520| Failure
345| .0248|202!15.00] 74.0| 59875 70 | 1598515915 ,001531| Failure
347| .02341320] 22,50 74.0| 52315 74 114810]14736| .001417| Failure
oo o
289 10.0110{682] 3.75,87.0] 9595 | 207 | 6910] 6703 ]0.000644|First wrinkle
i 11255 8110{ 7903| .C00760| Failure
292 | .0107 70%| 7.50i77.5] 99565 | 190 | 7385| 7195| ,000692|First wrinkle
11165 8270| 8080} .000777| Failure
2941 .01131664)11,2577.5] 9645, 180 | 6765| 6585] ,C00633|First wrinkle
12025 9140| 8960| .000861| Failure
296 | .0110{682|15.C0|70.0| 9135]| 166 | 6585 6419| .00061%7|First wrinkle
_ 11955 8620| 84541 .000813| TFailure
298| .0110/682[22.50,68.0] 11355 | 162 | 8180| 8018! ,000771| Failure
308 .0168{446| 3,75{74,0{29776 | 115 |14050|13935; ,001340 |First wrinkle
; 31935 15085114970 | ,001439| Failure
306 | .C1631460| 7.50!74.0] 23415 | 119 [114c0|11281! .001085|First wrinkle
: . ; 26395 12855i12736 ! .001224] Failure
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TABLE II (Cont.)

b
z = 0.6

Stress |
caused Sy
by ten-
sion P

Spec.
No.

[RRSURRpS &

u Remarks

ot
ot
o~
H

in, in.

304 ; 0.01671449{11,25!74£,0] 289951 116 137290113674 |C,001315f Failure
302 .0168!416%15.00{68.0! 27615; 105 13040;12935 .00l244! TFailure
3C0 .0169]444122.50168.01 24675 105 11590|11485! ,C01104 First wrinkle
28015 13160(13055| ,0C1255] TFailure

3 .C2401312) 3.75:189.0{ 57015 a7 18850118753 | .001803f TFailure

342 .Ce2481302; 7.50i88.0161075 94 19550119466 | .COL871|{ Fallure

344 .02341320111.25{76,0; 51415 85 17450117365 001670 |First wrinkle
51815 17880117495 ,C01682; Fallure

346 .024513C6{15.C0168.0:58995 73 19110)12037; .C01831} Failure

348 .0236(318{22.50|68.0{ 45075 76 ] 15150118075 .C01448 First wrinkle
49275 165665{1649Ct .CCl586( Failure
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TABLE III

RESULTS OF COMBINED TRANSVIRSE SHEEAR AND BEWDING TESTS OF ZLLIPTIC CYLINDERS
b L

Group 1 = = (.8 r! = §5.43 = (.50
=1 a
| | T r o
Specd ¢ | & g YRR R 1 N N Remarks
Wo. i t | ,rv . % | )
i in | 19.!1%0.~in.; 1b./sq.in. |1b./sq.3n.] ; T
x79 b,0119|630, 569| 2558 | 2072 1423 § 0.69;0.000127 | First
! i ! wrinkle
; 1122{ 5323 | 4085 2962 .73} .000285 { Failure
3811 .0113}6641 459 4288 | 1756 2510 1.44] .D00241 ; First
i P wrinrle
807| 7420 ' 3090 4345 1.42{ .000418 | Failure
383 | ,0113|664| 437: 6283 | 1672 3680 2.22! .000354! First
| i wrinkle
719: 994% © 2752 5822 2.12{ .000560 ! Failure
385! .0119|520| 452! 92723 | 1/45 5170 3.17, .000497| TFirst
) ! wrinitle
. 6801 13403 i 2475 7460 %.03] .000718 | Failure
387 1 .0111|€76| 244; 7320 | 953 4370 4,63} .000420 ! First
{ wrinltle
415} 11250 ; 1619 6720 4,16] .000845 { Failure )
389 | ,011l]876| 175 7158 i 883 4272 5.3l .000411| First
] ! wrinkle
307! 10858 ; 1198 648C 5.45| .000623 | Failure
391 | .C115/652] 197! 8723 ; 742 5025 6.831 .000483 1 First
! wrinicle
253 | 10563 $53 6080 5.42| .000585 | Failure
393 | .0117|{641{ 83 5954 307 3370 11,071 .000324 | First
wrinrle
207 10654 | 766 6040 7.94] .000581 { Failure
395 | .0110{682| 139! 9423 547 5670 10.47! .000545 | Firs
: wrinkle
i 161} 10353 | 634 6230 9.87{ .000599 | Pailure
397 | .cllcles82i 123) 9971 | 484 60C0 112.421 .000578 { Failure




Zroup 2 b = 0.6 r! = 5.60 1— = 0.5
g 2 a
épec § f a : b — s W T ?
. . £ i _, H 1 I .
Yo. t ; E—f vl M pig iy | P EE' iRemarks
i 1b. [1t.-in.[10./sq.in.i1b./sq.1n.
38C 1C 0120%625_ 43 2027 1710 % 1341 G.7810.000129 | First
i I i %Wriﬁkle
! §1219 5807 4505 3840 881 .000370 iFailure
382 Cli4i658; 513 4749 1994 3305 1.851 .000318 First
i i vrinkle
g i 6589 7923 3380 5B35 1.64] .000532 1| Fallure
384 Oll4;658§ 480 5730 1868 1727 2.52] .000455 ! First
i wrinitle
: 8151 11152 3170 7765 2.46| 000747 | Fgilure
386 .011¢{630; 293 5342 | 1092 i 4230 3.871 .000407 | First
! ' : i wrinkle
} 7C75 13812 2636 i 9210 3.51] 000886 | Failure
388 L0112(670! 343 9484 1357 8725 4,94 000647 First
‘ i i wrinkle
| 381! 10359 1507 P 7340 4,89 000706 | Failure
390 .0111ig764 3151 10837 1250 i 7785 6.21; .000749 First
: i wrinkle
§ 413 | 13687 1650 iog9790 5.95] .0009%41 ! Failure
392 .C1l154652; 113 5782 436 4000 Sg.14f .0C0385 First
i wrinkle
3301 12942 1272 i 8935 7.04| .000858 | Failure
394  .0115:i65H21 247} 11983 253 828C 8.66( .0OC796 First
t : wrinkle
2751 130853 108C 9010 8,831 .000866 | Failure
396 010931688} 155 ceee 6830 7180 11.2g! .000690 First
wrinkle
205! 120=z2 24 8755 10.52) .000842 | Failure
398 .0111li676] 1Z3{ 10=20C 532 7300 13.701 .000702 First
wrinkle
1731 12100 €92 8€50 12.55( .000832 | Failure




)
5l

o
ol
0]
o
L]
o]}
[\V]
-~

b . T -
Group 3 a - 0.8 r! = 6,48 o = 1.0
Spec. % a v M fo fy M T Remarks
No. t T!v B
in, 1b. {1b.-in. |1b./sg.in.| 1b./sq.in,
31910.0106 17071 271 2004 11C6 1252 1.14]0.00C0120 First
wrinkle
5EL 4384 2250 2738 1.22] .C00264 Failure
321} .0113|664 | 491 567 1880 3323 1.78] .00031¢ First
wWrinkle
647 7454 2478 4367 1.76}1 .000420 | Failure
3231 .0l06(|7TCT . 2EB8 4284 1084 2677 2,56 .00C257 First
wrinkle
8537 8474 2192 5285 2,421 000509 Failure
3251 01061707 1 272 6162 1139 3850 3.41 (| 000370 First
wrinkle
42C 3843 17156 5525 3,221 .000532 Failure
. 327 .Cl12]670 | 403 | 10570 1557 625C 4,05 .000601 First
wrinkle
413 | 10806 1598 6420 4,0C| 000614 | Failure
329 .01C8:707 | 195 6759 796 4220 5,351 .000406 Pirst
wrinkle
268 £728 1co4 5453 5,00 .000525R Failure
3314} .0ll4|658 | 145 6437 551 3738 6.86| .000359 First
wrinkle
271 | 10337 1029 600C 5.85) 000678 Failure
3331 .0107)7C1 | 211 Q765 854 6045 7.141 000582 First
wrinkle
215 9205 a7l 6130 7,071 . 000580 Failure
3351 ,0114i688 | 213 | 11521 810 6700 1 8,34 .00C644 First
wrinlcle
217 | 11685 825 8785 8.26 | .0C0C653 | Fallure
3371 .0L07|7CL 7 7420 312 4636 15.01 | .00C446 First
i wrinkle
23 7780 336 4815 {14,401 000463 Failure
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TABLE III (Cont.)
b 1
Grouvp 4 a2 = 0.6 rt = 5,60 5 = 1,0
Specj a ] M f
¥o. _t_ v M fv f_b ﬁ E_E Remarks
in.. 1%..{ 1b.~in.|1b./sq.in.|{1b./sqg.in.
32010.01131664 1 367 2820 1439 1979 1.37 |0.000190 | .First
. wrinicle
700 5655 2745 3970 1.45] 000382 | Failure
32231 .01C61 707 | 3C7 3535 1283 2647 2.06 | .QCC25R| TFirst
wrinkle
595 6855 2488 5130 2.07 1 ,000483 | Failure
324t ,0104| 721 287 4580 1223 3570 2.9L 1 000343 First
wrinkle
537 8435 2288 6435 2.81 ) .0C0619 Failure
3261 Q1051714 221 4993 932 2770 4,03 000363 First
. wrinkle
417 8723 1759 6520 3.751 .000634 | Failure
3281 01131664 | 292 7931 1145 SRES 4,851 000835 | First
wrinkle
512 12996 2008 9125 4,551 000878 | Failure
3301t .0106 (707 327 10210 1387 T650 5.57{ .000736 First
' wrinkle
381 116868 1593 8740 5,491 ,000840 | Failure
332 0114658 | 297 11008 1154 7660 6.61] .0007237 | First
wrinkle
388 13829 1506 8630 6.39 ] .0C0926 | Failure
334 ) .QL0OB714 ) 203 Q336 856 alsle] 8,21 .000678 First
' wrinkle
241 106586 1016 8Q8C 7.94 1 000775 | Failure
3361 .0114|628 | 219 118572 852 2060 9.42 1 000775 First
wrinkle
242 12515 241 {710 3.28 | Q00838 | Failure
3381 ,01051714 21 7931 384 5990 15.85 | .CQ0O576 First
wrinkle
122 2448 515 7180 13.90 ¢ ,QCCBE7T | Failure
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. TABLE III (Cont.)
Group b LR 0.8 r! = 6.48 L = 2,0
a a
Specj a . l M fy
No. ¢ T v M fv Ty T T Remarks
in, 1v. |1b.-in.|1b./sg.in.] 1b./sqg.in,

359 |0.0119i630 | 437 6137 15380 3415 2.17[0.000328 First
wrinkle
527 TART 1919 * 4168 2.181 .000401 Failure

3611} .01l1l6i647 | 502 2514 1873 1434 L7710 . 000138 First
wrinkle
o2l <2652 1945 1513 781 .000146 Failure

363 | 01101682 | 270 2487 1062 1495 1.42¢ .000144 Pirst
wrinkle
443 4562 1745 2744 1.58] .000284 | Failure

365 | .0110}682 | 251 4424 987 2662 2.72] 000256 Firgt
wrinkle
409 7275 610 4380 2,731 000422 | Failure

3671 0118636 | &4C7 9822 1423 5510 3.72] .000530 First
i wrinkle
1423 10222 1562 8740 3.731 .Q00552 | Failure
369 ,0110)le82 ; 313 ST 1232 5880 4,791 .000E686 Failure

371 .01l14:658 | 307 11701 1i66 6800 5,881 .0CC0654 First
wrinkle
F315] 11941 1196 £935 5,83 .000687 Failure
373 0113|654 | 2691 12351 1028 7235 7.05] ,000696 Failure

3751 01111676 | 14C 8582 543 R120 9.46 | .0Q00482 First
wrinkle
161 9482 629 5660 9.0R| .000544 | Failure

3771 .,01l141658 {192 11914 729 €220 g.58 | .C0OCBGH First
! ; ' wrinkle
E [ 11941 12014 i 737 698C 8.501 .000671L | Failure




[p]
]
@]
&
[4}]
|
fl
O
[$)]
1
&)
T
]
1 ]
oy
m ~~
. a
[0)] 0]
o =3
ct
=
W [
1t
0
.
O

S_Pec-l s ta |y i T | o M ko] Remarks
0. | % v Ty T
in.| 1%, [1b.-in.|1b./sq.in.|1b./sq.in,

360 0.0119;630 383 5332 1428 3555 2.49 10.000342 First
wrinkle

498 7052 1857 4700 2.541 ,000452 | Failure

3621 ,0114,658 | 323 1222 1256 85l .68} .000082 First
wrinikle
o5C1 2557 1949 1780 .82 .00017L Failure

3641 .01111676 , 213 1827 851 1306 1,531 .0CCLz6 First
wrinkle

2784 1.60 1 .000286 Failure

3670 3.15§ .000333 First

wrinkle
5388 3.194{ .0005818 Failure

5540 4,32 .000533 First

| wrinkle

7155 | 4.32| .000688 | Failure

4333 5.83 1} .00041¢ First

wrinkle

7630 5.49 | .0C0740 Failure

5910 7.10 | .000568 First

wrinkle

7155 6.64 | .000688 Pailure

TR 8.39 1 .000700 First

| wrinzle

9530 ¢ 8.00 | .000916 | Failure

8310 9.65 | ,0008Q0 First

' wrinkle

9210 9.45 | 000885 | Failure
v 9010 10,70 1 .000866 ! Failure
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Figure 1.,-Elliptic cylinders after failure in torsiom.




N.A.C.A. Technical Note No. 527 Fig. &

2=0.8 b =-o.s
a

Figure 3.-3Side view of elliptic cylinders after failure in combined

transverse shear and bending. (Photographs show the tran-
sitlon from ghear to bending failure as M/r'V varies from small to
large valuesg).




Fig. 4

Technical ¥ots Ko, 527

H.4.C.A.

10, 000 g W\ 2
| . 4
\ CRITICOAL TORBION BTRESS wj‘v;\
Bhort snd medium langth fubes + 4
- (See figurs 1, reference 6) \\ <
Theoretloal curves for oiroular oylinders q
— ~=—— ——— Recommended for design of ociroular 7l A
i and elllptio oylindsrs |
~ _ _l:\ b Nominel sheet thiokness, inch | M y
Key for | § | o.011 0.018 0.033 b
1,000 .pwwm»o 1]
' oy or
a-e- 0.6 ° A 0 = F5Z
.8 -+ v X ]
_ V7
/ ~
) -
_ \ A
I L
, 2 U s
, 7 X i W
Clamped edges W ﬁ\(ﬁnmaa sdges| |
100 VV\A s 7
= S
— | L ol
N A L3
h \
) g .
(1 - thmlw.. g 20 ke
K t2 <
CTY L -
. 9
29>
Lefd _..\L.‘v_ Bulkhend and band
\A \ \\\ X 4 .
10 c 2 ]
== Ly ‘q
/ ®/
1 j Y.
__ b= x < Section x-x
\
A |
— e — -
L i 0 100 . 1,000 10,000 100, 000
V1 - g '
Figure 4, ~ Shearlng stress at fallure S for elliptic oylinders in torsion.

10,000

1,000

100

10




10 A
o 100 ¥ e A
o o
i e v
o> v I . S
X
- +<3 o
. 5 2
80 X
mb A v
5 0 o
9]
o o 0
[}
a . |
« F
©
1
A —
<G
.n,_
k .
I~ ~
[ o
0 G
. e b Mominal sheet thiclmess, inches
(o} ©
= o & 0.011 0.016 0.022
L)) [}
+2 [ ]
0 m 20 0.6 0 FAN O
g’ w
0.8
3 5 + Y/ X
9] =
< @ A
9 Y _
& & | | |
< 0 4 8 12 15 20 24 28
O _ Length, inches
<
b Figure 5.~ Shearing stress at first wrinkle for elliptic cylinders in torsiom.




“l . I
W o \
o 80 o 80
i b )
F / 5 /|
©
o o /
bnd 5
o o
2 \ 0.
® 60 8 50
8 / ;
wn
o / —— . / R
ke e /
i / L <lo.s @ 2. 6.6
o 2 i \ a ‘
g / :
42 Np.O 1] ) ..“M &.O -
| 5 5 |
o S / M
= / - e ]
7 & o / o ! |
i =
Yy [*%] \
g o |/ ?
= a 20 W. 20 \
) m \ 5
..n.uV n L%H \
iz P i pa
9 /
8 /
i / ]
S 0 1.0 - 2.0 3.0 0 1.0 2.0 2.0
E4 a a
- Radius of curvature Radivus of curvature
o — —— — — Stress distribution at first wrinkle by ordinary theory of bending.
< Critical stress proportional to curvature.
- Figure 6.~ Stress distribution in cylinders.
= 5




Fig.

o7

[e]
b=
[}
o
[}
=
—~
@
O
”.m
[}
()]
EA
<
O
<
b=

1.0

.
Wy}

FPigure 7.- Stress coefficients.

! \
|
Xa _
, \
R s
e \4\\1&\ M\w;i
T e 1ol
] A
\ \\w\
- | o b
L7
Ed
\\\
-
7
L
5 .6 " ..m Lo
d\m

and
by,

jav]
o

2.0




¥.4.C.A. Technical Hote ¥o. 527

Tig. &8
\ A, Robertson ¢ylinders, greph of equation (8) rere;sncs 2, with
.oosor\ < w=0.3, S'Eins\/g zl—f—p:y%
\ \ {1\ B, Cylinders of infinits length, nTaph of equation (8),
8 1
N ref. 3. with p = 0.3, .%E=05\h T -1 %
\>\ (_,B\ \ G, Lower limit of W.A,C.A, test data om cirgular
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Figure 1L. ~ Chart for bending strength of thin-walled cylinders subjected to combined transversc
shear and bending.
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